In this study we focus on the z ∼ 6.6 Lyman-α CR7 consisting of clump A that is host to a potential direct collapse black hole (DCBH), and two metal enriched star forming clumps B and C. In contrast to claims that signatures of metals rule out the existence of DCBHs, we show that metal pollution of A from star forming clumps clumps B and C is inevitable, and that A can form a DCBH well before its metallicity exceeds the critical threshold of 10 −5 − 10 −6 Z ⊙ . Assuming metal mixing happens instantaneously, we derive the metallicity of A based on the star formation history of B and C. We find that treating a final accreting black hole of 10 6 − 10 7 M ⊙ in A for nebular emission already pushes its H 160 -[3.6] and [3.6]-[4.5] colours into the 3σ limit of observations. Hence, we show that the presence of metals in DCBH hosts is inevitable, and that it is the coevolution of the LW radiation field and metals originating from neighbouring galaxies that governs DCBH formation in a neighbouring initially pristine atomic cooling haloes.
INTRODUCTION
Recent observations of the bright Lyα emitter, CR7, at z ∼ 6.6 (Sobral et al. 2015 , S15 hereafter) have sparked a series of studies that aim at exploring its nature. The system is composed of three components: A, B and C, where B and C are thought to host metal-poor (Population II, Pop II) stars, while the composition of A is still under debate. Close to 90% of the flux can be attributed to component A which also appears to be extremely blue and metal-free. Owing to this, a star cluster of truly metal-free (or Population III, Pop III) stars (see however, Yajima & Khochfar 2016b) , or a direct collapse black hole have been proposed as a suitable explanation for component A (Pallottini et al. 2015; Dijkstra et al. 2016; Smith et al. 2016; Agarwal et al. 2016, A16 hereafter; Hartwig et al. 2016, H16 hereafter; Smidt et al. 2016; Xu et al. 2016; Visbal et al. 2017) . Recently, Bowler et al. (2016, B16 hereafter) have found evidence for metal enrichment in A by interpreting the excess continuum in IRAC Channel 1 (3.6µm) as an [O III]λ 4959, 5007 line. They also reported a 50% smaller EW for the HEIIλ1640 line using their new near-infrared data from UltraVISTA.
The aim of this study is to explore if a DCBH in A can form ⋆ E-mail: bhaskar.agarwal@uni-heidelberg.de despite the recent presence of metals reported by B16. A recap of the scenario is as follows. The formation of a DCBH occurs in pristine atomic cooling haloes exposed to an external Lyman-Werner (LW) radiation field, typically expected to originate from neighbouring galaxies less than 10 kpc away. The LW radiation is able to dissociate molecular hydrogen, thereby allowing the gas to cool and collapse with atomic H as the main coolant. The resulting isothermal collapse at 8000 K leads to the formation of a 10 4−5 M⊙ BH. The gas must be nearly metal-free throughout in order to prevent fragmentation into stars (Omukai et al. 2008; Latif et al. 2016) .
This work builds on our previous model (A16), where we considered A to be polluted (and thus unfit for DCBH) as soon as the first waves of metals from B and C reach it. We now use an analytical model to estimate the actual metallicity evolution of A, given the entire system's mass assembly history. We describe our methodology in Section 2, followed by the results in Section 3. Finally the discussion is presented in Section 4.
MODELING OF METAL ENRICHMENT AND OBSERVABLES
The thesis of A16 was that in CR7, the star forming (SF) components B and C produce a LW radiation field that allows for DCBH formation in A. These SF components also produce met- als that will pollute A (Fig. 1) . In this study, we use an analytic approach to compute the amount of metals expelled in outflows by B and C, assuming that the outflows travel with a wind velocity, v wind = 100 km/s (Walch et al. 2015; Girichidis et al. 2016, e.g.) . Keeping the distance fixed at 5 kpc, we then compute the upper limit on the resultant metallicity of A. This is done for the entire duration that B and C are star forming, which in the model of A16 corresponds to z ∼ 25 − 6 for an exponentially declining star formation history (SFH) that best fit the observations at z = 6.6. Additionally, we also consider a constant SFH for B and C in this work that best fits the observations of S15. The methodology in this study is mostly based on A16 and is summarised below.
Mass Assembly History of the System
We use the same merger history of the system as presented in A16.
The dark matter (DM) masses for the individual components are taken as the average of the respective distribution shown in their Fig. 4 . Furthermore, we assume that the baryonic mass of the component grows proportional to the total mass as f b Mtot, where f b is the universal baryon fraction, Mtot is the total mass of the halo.
Metal Pollution of A by B and C
We concentrate on the outflow and radiation from a single SF component, as the individual nature of B and C is still under debate (S15, B16). B16 report that although the stellar populations in B and C are similar in their observed masses at z = 6.6 (10 9.3 M⊙ vs. 10 9.7 M⊙), one is considerably younger than the other (200 Myr vs. 500 Myr). The total stellar mass of the SF component considered here is consistent with B16. We also include a case with a constant SFH to better reflect the recent findings of B16, where the age of SF component is ∼500 Myr. Thus, henceforth, the SF component, of SFc, refers to B and C as a whole and should have no qualitative implications on our findings.
In order to relate the SFH to the amount of metals produced in the outflow, we first use the parametrisation for the the mass loading factor η,
whereṀ outflow is the outflow rate andṀ⋆ is the star formation rate. Combining this expression with the results from the First Billion Years simulations (e.g. Agarwal et al. 2014; Davis et al. 2014; Paardekooper et al. 2015) that show a correlation between η and the stellar mass M⋆, we obtain (Dalla Vecchia et al. in prep.)
A general scaling of this form is required to reproduce the lowmass-end of the galaxy stellar mass function and similar scalings have been found in simulations with alternative sub-grid models for feedback (e.g. Keller et al. 2016; Muratov et al. 2016) .
Having obtained the total mass in outflows from B at each redshift, we can compute the mixing time scale motivated by the results of Cen & Riquelme (2008) and Smith et al. (2015) . As an upper limit, we assume that metal mixing is efficient and instantaneous in A (for a detailed discussion we refer the reader to the Appendix). The metals produced in the SF component are spread over a uniform sphere with a radius equal to the separation, D, between A and SFc, i.e 5 kpc. The metallicity of A is obtained from the intersection of this sphere with A's projected circular size, computed using its gravitational binding radius R i bind,A . At any instant i, define this dimensionless intersection term as
where
wind is the gravitational binding radius of A at timestep i. The above formulation allows for up to 50% of the metals or outflow mass to be captured by A. The time it takes for the metal wind from SFc to reach A is ∆ wind = D/v wind = 50 Myr. Finally the metallicity of A at any instant, accounting for the wind arrival delay, is computed as
where M metals,B is the mass produced in metals by SFc at a given time step, M outflow,B is the mass produced in outflows from SFc at a given timestep, M Recent simulations have shown that a DCBH may form in an atomic cooling halo exposed to LW radiation, if its metallicity is below a critical threshold of Zcr ∼ 10 −5 − 10 −6 Z⊙ (Omukai et al. 2008; Latif et al. 2016) . The lower limit corresponds to a case where both metals and dust are present, whereas the upper limit corresponds to the case of only metals being present. We refer the reader to the Sec. 4 for more details on dust. The window of opportunity, i.e. the period of time during which DCBH formation in A is possible due to the LW radiation field from SFc is already identified by A16. Thus it remains to be seen if this critical metallicity threshold is exceeded, or not, before the window of opportunity for DCBH formation has elapsed in A.
RESULTS

Implications for CR7
Assuming a wind speed of 100 km/s for the outflows and instantaneous metal mixing, we plot the metallicity of A in Fig. 2 and Fig.  3 assuming an exponentially declining, and constant SFH for the SF component of CR7 respectively. We scale the SFH up and down in the SFR-M⋆ plane to explore the range of validity of the DCBH scenario. Note that the metallicity in A does not scale linearly with the SFR or M⋆, as discussed in the previous section. The left panels reflect the metallicity of A as a function of the SFR and stellar mass of the SF component. The right panels show the redshift evolution of A's metallicity, taking into account the travel time for winds and the LW window of opportunity. The right-hand-side panels show that A has ample time, shown as the grey region to form a DCBH before metal enrichment begins, consistent with A16. In both cases the metallicity to which A is enriched is rather low ( Z ∼ Zcr), before the window of opportunity for DCBH formation expiresshown in the dotted lines of corresponding colour. Thus, it is possible that even if the DCBH was to form at the instance of the first event of metal pollution, the gas was not enriched enough to stop DCBH formation. The metal mixing time in A only increases the time window for DCBH formation. Taking the dynamical time of the halo A to be a proxy for metal mixing time scale, at z = 19 this delay corresponds to an additional ∼ 30 Myr, further increasing at lower redshift. Note that at z = 6.6, all the curves are very close to the theoretical upper limit of metallicity in A derived by H16. Furthermore in the Appendix we show that if the wind speed is instead tied to the escape velocity of halo B, then mixing may always be relative slow and inefficient.
The mass loading factor described in Sec. 2 is best representative of galaxies with M⋆ 10 8 M⊙. For the same stellar mass (or SFR), a larger mass loading factor would imply a higher outflow rate which would effectively reduce the metallicity described by Eq. 4, whereas a smaller mass loading factor might lead to an increase in the metallicity. However, owing to the mass assembly history of A and the separation between the individual components, f ≪ 1, which leads to M baryon,A > ∼ f M outflow,SFc . Thus the metallicity of A has a stronger dependence on the actual amount of metals produced and the separation between the components, rather than the mass loading factor. The conclusions depend on the actual distance, not the projected distance, between the source galaxy and the candidate DCBH halo. In particular, this distance may be greater than 5 kpc, in which case the metallicity that we estimate for the host halo would be lower (by the square of the distance). Thus, we establish here that even in the most effective metal pollution scenario, with v wind = 100 km/s and D = 5 kpc, the DCBH formation epoch derived by A16 remains unaffected, i.e. the DCBH has ample time to form before the critical metallicity in A is exceeded.
Reproducing the Observations
The pollution epoch does not alter the BH's expected growth history. In the case of an exponentially declining SFH in SFc (middle curve Fig. 2) , assuming that the BH forms in A at z ∼ 19, the results of A16 remain unaltered. In the case of a constant SFH in SFc (middle curve, left panel of Fig. 3) , the DCBH in A can form at 14.5 < ∼ z < ∼ 16.6. At the earliest limit, the results remain unchanged. At the lowest possible redshift, i.e. z ∼ 14.5, a DCBH seed of 10 5 M⊙ allowed to accrete at 25% (45%) of the Eddington rate can still reach a mass of 10 6 M⊙ (10 7 M⊙). This still does not change the conlcusions on the estimates of the BH mass derived by A16. Using their estimates, we now derive the observables and check whether they are compatible with the recent work of B16. We consider 4 cases for a BH in A, with a mass of 10 6 and 10 7 M⊙, accreting at 0.5 and 1.0 times the Eddington limit at z ∼ 6.6. Note that this is the evolved state of the seed DCBH in A, that we assume to have formed at z > 17 (11.45) for the exponentially declining (constant) SFH of B.
Assuming a rest-frame thin-disk incident spectra for the 4 models, we calculate the transmitted and diffuse emission using Cloudy v13.04 (Ferland et al. 2013 ). Following Hartwig et al. (2016) , we calculate 30 realisations over the following unconstrained model parameters: ionisation parameter, metallicities and gas density. Our modeled ionisation parameters range from -2.0 to 0.0. As a default metal abundances we adopt the Orion Nebula HII stored within Cloudy, scaling all metals and grains from -4.0 to 0.0 in log10. All models are terminated when the gas temperature drops to 5,000 K. The log of the hydrogen number density, log 10 n(H), was also varied from 1 to 2, but has no significant impact on our results.
We plot the observable colours (similar to Fig. 2 of B16 ) of A from our nebular processing in Fig. 4 . The input rest-frame spectra are shown as black filled symbols and roughly exhibit the same colour. Already, with the simplest BH spectrum model treated for nebular emission, we are close to the 3σ limit on the colour of A. Coincidentally, the closest cases all have a metallicity of 0.01 Z⊙, consistent with H16, albeit lower BH masses than what was reported in A16. This is interesting as keeping the model-parameters of A16 fixed, and merely treating the BH spectral energy distribution (SED) for nebuar emission, our model moves towards the parameter space that is consistent with observations. B16 explain the photometric colours of CR7 as a young stellar population with a colour excess in the IRAC 1 band due to strong [O III] line emission. Our models provide a different interpretation, where the colour is dominated by the "colour" of nebular emission of a fully absorbed AGN incident spectrum spectrum, absorbed and remitted as free-free and bound-free H and He features as well as a contribution by line emission.
The other observed constraint is the modeled EW. Although we use a simpler incident AGN spectrum the predicted colours are well within the observational limits found by Hartwig et al. (2016) , with roughly the same EW vs metallicity and ionization paramter trend. Our assumed thermal emission produces an ionizing spectrum with roughly the same spectral slope. Since the Cloudy models are parametrised with the aid of an ionization parameter, our results are invariant with black hole mass and/or Eddington fraction. 
CONCLUSIONS AND DISCUSSION
Recently, B16 report the presence of metals in CR7 which led them to conclude that component A in the system can not be powered by a Pop III or DCBH as both require pristine environments at the time of formation. While the Pop III explanation has been widely refuted (Yajima & Khochfar 2016b; Pallottini et al. 2015; Hartwig et al. 2016) , we show here that the occurrence of metals in a DCBH host is inevitable. The DCBH host is most likely polluted by the same external galaxies that provide the critical LW radiation field. Using our analytical treatment, we find that although metal rich winds from SF components B and C are able to reach A and pollute it, there is enough time for the DCBH to form in A before its metallicity exceeds Zcr. This result is sensitive to the assumption made for the time it takes for metals from B and C to reach A as well as efficiently mix with its gas. We assume throughout our study that metal mixing is efficient and instantaneous. A scenario that does not assume instantaneous metal mixing will only allow for a longer epoch of DCBH formation, thus strengthening our result.
The exact nature of dust in the z > 6 Universe is a far more complicated issue (e.g. Mancini et al. 2015; Cullen et al. 2017 ), thus we do not explicitly account for pollution by dust. Dust may affect our results in two distinct ways. The first is providing an additional opacity source (beside line opacity) which can lead to efficient radiative driving of the metal enriched outflows due to SF. Studies have shown that radiatively-driven dusty-winds can propagate through the inter-galactic medium with velocities of up to ∼ 1000 km/s (Murray et al. 2011) . Second, the presence of dust in CR7 enhances cooling of the gas in A, lowering the critical mass than in the case where no dust and only metals are present. The metallicity of the outflow considered in this work can exceed the solar values, and thus the abundance of dust is subject to the details of metal mixing, dust formation and the timescale of outflows. This requires a much more detailed model subject to uncertainties that is beyond the scope of this work. Furthermore, it is unlikely that the dust in the outflow will affect the collapse of the gas in A, as it is likely to be destroyed in the 100 − 1000 km/s shocks occurring when the outflows reach A.
We explicitly discussed the possibility that component A is powered by a DCBH, however there are other seeding mechanisms as well that can lead to massive seeds, e.g. a rapidly accreting Pop III seed (Hosokawa et al. 2013; Alexander & Natarajan 2014; Umeda et al. 2016, Woods et al. in prep., Haemmerle et al. in prep.) , or a seed resulting from a stellar cluster (e.g. Devecchi & Volonteri 2009; Yajima & Khochfar 2016a ). This work is relevant for a scenario where cooling by H2 in a pristine atomic cooling halo needs to be prohibited. The aforementioned alternative scenarios both require star formation at an early stage in A, an unlikely scenario due to the presence of the strong LW field from B and C. Thus it is most likely that the proposed BH in CR7 originated as a DCBH.
A DCBH host may also later form or acquire a stellar component, in which case the galaxy might enter a obese black hole galaxy (OBG) phase where the accreting DCBH outshines the stellar component (Agarwal et al. 2013) . These OBGs might be easily distinguishable from the first galaxies by, for e.g. their UV-β slope or colours, (Agarwal et al. 2013; Natarajan et al. 2016 ). We have not explored the presence of such a stellar population in component A, but do not exclude this possibility. There is large uncertainty surrounding the feedback from the central DCBH on the subsequent star formation (Aykutalp et al. 2014) , thus introducing a range of unknown parameters that would only marginally affect our results in terms of the composition of A. Recently, Pacucci et al. (2017) have presented their model of accretion for the DCBH component in CR7, where the best fit to the observables of B16 is obtained for a MBH ∼ 7 × 10 6 M⊙ in an Z = 5 × 10 −3 Z⊙ environment. The BH mass is very close to what was predicted by A16, and the metallicity range is consistent with what is presented here, thereby further corroborating the scope of our results. Regardless of the exact nature of the CR7 system it is important that we understand the range of possible enrichment histories of galaxies hosting the first accreting black holes, in order to best be able to identify them and study them with future missions such as the James Webb Space Telescope.
For simplicity we have assumed that the mixing of the metals ejected from nearby halos occurs immediately and reults in a uniform metallicity in halo A. However, it is expected that enrichment of the primordial gas in the vicinity of early star-forming galaxies is heterogeneous (e.g. Ritter et al. 2015) and that for the densest gas in cosmological halos, it involves a complex interplay of physical processes (e.g. Chen et al. 2016; Cen & Riquelme 2008; Smith et al. 2015) . Here we assess the efficiency of metal mixing by comparing the strength of the self gravity of halo A, which acts to resist mixing with the dense central gas, to the ram pressure of the metal-enriched wind, which acts to entrain the halo gas and enhance mixing. This ratio is given by Cen & Riquelme (2008) , (A1) where z is redshift, Vs is the speed of the metal-enriched outflow, Mr is the mass enclosed within radius r in halo A, and MH is the mass within the virial radius of halo A. When this ratio is larger than unity it is expected that mixing will occur efficiently on timescales that may be much longer than the dynamical time 1 , yielding the halo relatively stable to mixing with the metal-enriched outflow. Figure A1 shows the value of ψ, as a function of redshift, for the case of mixing at the virial radius of halo A (i.e. Mr = MH). We consider two different wind velocities, to show the sensitivity of ψ to this unknown parameter. The green curve in the Figure shows ψ for the case of a constant wind velocity of 100 km/s, while the red curve shows ψ for the case of a outflow velocity equal to the escape velocity of halo B. At almost all times in both cases, the value of ψ easily exceeds unity, implying that metal mixing is inefficient. It is only in the case of the constant 100 km/s wind at the earliest 1 The dynamical time at the virial radius of halo A is 10 8 yr at redshifts 25 that we consider here. times (z 18) that metal mixing is predicted to be the most rapid and to occur within a dynamical time. From this, we conclude that our assumption of uniform and instantaneous mixing is likely to be too extreme and that our estimate of the metallicity of the gas in halo A should serve as a strong upper limit. That said, slow metal enrichment of the gas in halo A may well occur over the entire ∼ 6 × 10 8 yr between the formation of the candidate DCBH at z ∼ 20 and z = 6.6 where CR7 is observed today.
